INTRODUCTION
Whether looking for active faults, modeling flood inundation, inventorying landslides, or mapping bedrock geology, earth scientists depend on topographic data. In 1997, geologists in the Puget Lowland got their first look at a detailed lidar (light detection and ranging, also known as ALSM or airborne laser swath mapping) topographic survey. Using a narrow laser beam to probe through the trees, lidar can produce accurate terrain maps even where forest cover stymies traditional photogrammetry. The survey was commissioned by Kitsap Public Utility District to map groundwater infiltration and runoff on Bainbridge Island, just west of Seattle (Harding and Berghoff, 2000) . Among the landforms portrayed was a 1-5-m-high, east-trending scarp that offsets north-south glacial grooves at the south end of the island, within the Seattle fault zone (Fig. 1) . Previous routine topographic mapping, geologic mapping, and examination of aerial photographs had failed to identify this scarp concealed beneath dense secondand third-growth forest. Subsequent trenching of the scarp confirmed that it formed during one or more large, Holocene, surface-rupturing earthquakes (Nelson et al., 2002) . This discovery quickly led to the realization that other fault scarps might be revealed with lidar.
In 1999, geographic information system (GIS) specialists, planners, and earth scientists working for local government agencies, the U.S. Geological Survey (USGS), and the National Aeronautics and Space Administration (NASA) formed the Puget Sound Lidar Consortium (PSLC) and began an experiment to purchase cooperatively high-resolution, public-domain lidar topographic survey data. The initial impetus behind this effort was to find fault scarps for seismic hazards studies. To date, the PSLC has acquired over 10,000 km 2 of high-resolution digital elevation models (DEMs) of the heavily forested Puget Lowland of western Washington, and we have discovered more than half a dozen scarps of possible tectonic origin. The experiment has been a success.
In this report, we describe some of the hazards facing the Puget Lowland, lidar mapping technology, the PSLC data collection effort, and our use of these data for identifying seismic hazards and for geomorphic mapping.
THE PUGET LOWLAND
Seattle and the surrounding Puget Lowland lie in the forearc of the Cascadia subduction zone (Fig. 2) . Two hundred kilometers to the west, off the Pacific coast, the Juan de Fuca plate subducts northeast beneath the North American plate at ~4 cm/yr. To the east of Seattle rise active volcanoes-Mount Rainier, Glacier Peak, and Mount Baker-of the Cascade volcanic arc. The Olympic Mountains to the west of Seattle are a rapidly uplifting forearc high. Between the Cascades and the Olympics lies the Puget Lowland (Fig.  3) , part of a broad forearc depression that extends from southern British Columbia to west-central Oregon.
The Puget Lowland is subject to seismic shaking from great megathrust subduction earthquakes, most recently in 1700 A.D. 
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-A Bonanza for Earth Science Satake et al., 1996) , and from WadatiBenioff zone intra-slab earthquakes, 30-80 km deep, such as the M 6.8 February 2001 Nisqually earthquake. Faults in the continental crust pose an additional seismic hazard. These faults accommodate deformation of the forearc as it migrates north and is compressed against the older, relatively immobile crust of the Canadian Cordillera (e.g., Wells et al., 1998; McCaffrey et al., 2000) . Geodetic studies (Mazzotti et al., 2002; Miller et al., 2001 ) indicate western Washington is shortening north-south at 3-7 mm/yr. Bucknam et al. (1992) described evidence for a shallow earthquake within the east-west Seattle fault zone (Blakely et al., 2002 ) about 1100 years ago. As much as 7 m uplift near Seattle accompanied this ~M 7 event. Were such an earthquake to occur today, the damage would be immense. Estimating the frequency of such crustal events is critical to assessing Seattle's seismic hazard.
Repeated, extensive, Pleistocene glaciation has obscured tectonic features in the Puget Lowland. The most recent ice sheet to flow south from British Columbia reached Olympia, 80 km south of Seattle, about 16,400 calendar years ago, then retreated rapidly, leaving the Lowland ice-free by 15,000 years ago (Porter and Swanson, 1998) . The landscape of the Lowland still largely reflects glaciation: Much of the Lowland is a low-relief plain at an elevation of 100-150 m, formed as the floor of a broad outwash valley in front of the advancing ice sheet (Booth, 1994) . Elongate, mostly north-south flutes (Figs. 1 and 3) decorate this surface, recording the direction of ice flow for the 1-4 k.y. duration of glaciation. Large troughs that now contain Puget Sound, Hood Canal, Lake Washington, and other waterways are attributed to erosion by subglacial drainage (Booth, 1994) .
Regional geophysical studies (Danes et al., 1965; Blakely et al., 1999; Brocher et al., 2001 ) have outlined major possible fault zones beneath the glacial deposits, but are typically unable to provide direct evidence for the existence of a fault or the history of recent faulting necessary to estimate seismic hazard. One way to obtain such history is to trench fault scarps and date offset soils and scarp colluvium. However, the observed strain rate suggests postglacial fault scarps may be no more than a few meters high. Finding such scarps beneath the dense forest canopy has been almost impossible using traditional photographic and photogrammetric methods. Marine shallow seismic-reflection surveys (Johnson et al., 1999 (Johnson et al., , 2001a (Johnson et al., , 2001b have identified faults with probable Quaternary offsets, but tracing these faults onshore has been difficult. The only Holocene fault scarps recognized in the Lowland prior to 1997 are at Price Lake, 70 km southwest of Seattle (Wilson et al., 1979) .
Lidar can find these postglacial fault scarps hidden beneath the trees.
ABOUT LIDAR
Essential elements of a lidar mapping system are a scanning laser rangefinder mounted in an aircraft, differential Global Positioning System (GPS) to locate the aircraft, and an inertial measurement unit (IMU) to measure aircraft orientation (e.g., Carter et al., 2001 ). The rangefinder determines distance to a target by timing the round-trip travel of a short-duration laser pulse. The reflected pulse may produce more than one return if the laser beamwith an on-ground diameter of 0.2-1 mhits more than one vertically distinct target, as in a forest. Initial processing reduces data from the three subsystems to XYZ coordinates for each discrete return. Further, largely automatic, processing-commonly referred to as post-processing-is necessary to separate ground returns from canopy returns in forested areas (Fig. 4; Haugerud and Harding, 2001) .
Lidar is an attractive topographic mapping tool for three reasons. First is accuracy, with routine 10-20 cm height (Z) errors in unvegetated low-slope terrain. The error associated with range measure- ments is small: most of the Z error typically associated with lidar systems is GPS and orientation error. Position (XY) errors, primarily due to errors in laser beam orientation, can be a factor of 10 larger, and on steep slopes these errors translate into larger Z errors. In densely vegetated terrain, Z errors of lidar digital elevation models (DEMs) can be large (although less than that of photogrammetric DEMs) where the density of ground returns is low and vegetation returns are misclassified as ground returns. Over the next few years, advances in detection of low-energy ground returns, GPS and IMU calibration procedures, and return classification should significantly reduce errors. The second reason is productivity: measurements are made at rates of 10,000-80,000 laser pulses per second. Finally, lidar is monoscopic and provides its own illumination. These characteristics overcome the major liabilities of photogrammetry in forested terrain.
There is a growing lidar mapping industry, with more than 30 commercial instruments active in North America (see http://airbornelasermapping.com for a summary). NASA operates several research instruments (Krabill et al., 1995; Blair et al., 1999; Wright and Brock, 2002; Degnan et al., 2002) , and the University of Texas and University of Florida operate lidar mapping instruments (Gutierrez et al., 1998; Carter et al., 2001) . Earth-science applications of lidar mapping include coastal change studies (Sallenger et al., 1999) , landslide analysis (Dietrich et al., 2001) , and fault mapping (Hudnut et al., 2002) .
PUGET SOUND LIDAR CONSORTIUM
The Puget Sound Lidar Consortium came together in response to (1) the discovery of a Holocene fault scarp on the initial Bainbridge Island lidar survey; (2) appreciation by local planners, GIS professionals, and earth scientists of the utility of high-resolution topography; (3) the ability of the USGS, founded on relationships built in the course of operating the regional seismograph network, to provide a common focus that enabled local agencies to work together; and (4) a grant from NASA to purchase lidar data for investigation of earthquake hazards. Kitsap County has since received federal community assistance grants to support lidar data acquisition. Local and state governments and NASA have provided additional funds for a total to date of ~$2.5 million.
Some PSLC members are planners and GIS staff with local government; others are federal research scientists. Our organizational structure is no more than a volunteer coordinator, an e-mail list, and a purchase contract. This flat structure has encouraged technical awareness on our part (e.g., Haugerud and Harding, 2001) and insight by the vendor into our needs. A shared high level of GIS expertise, few management constraints, lack of conflicting agency mandates, and a strong sense of cooperative purpose have all contributed to our ability to work together.
We have contracted for surveys with a nominal pulse density of 1/m 2 . We purchase four data layers: (1) all lidar returns, with XYZ coordinates, GPS time, return number, and off-nadir angle for each return; (2) XYZ coordinates for all returns identified as from the ground; (3) a 6-ft DEM of the lidar 1st-return surface (essentially a canopy-top model); and (4) 
SEISMIC HAZARDS STUDIES Finding Faults
To date, lidar topographic data have revealed surface ruptures along five known fault zones: the Seattle fault zone, Tacoma fault, Darrington-Devils Mountain fault zone, the northern margin of the Olympic Mountains, and the southeastern Olympic Mountains (Fig. 3) .
The Toe Jam Hill scarp revealed by the initial Bainbridge survey is north-side-up, opposite the vergence suggested for the Seattle fault (Johnson et al., 1994; Blakely et al., 2002) . The scarp may have formed along a backthrust within the Seattle fault zone. Trenching across the scarp in 1998 and 1999 revealed a north-dipping thrust fault that disrupts late Holocene soils. Soil stratigraphy and radiocarbon ages suggest as many as three surface-rupturing earthquakes in the past 2500 years (Nelson et al., 2002) . Southwest of the Toe Jam Hill scarp, across Rich Passage, we found the en echelon, west-trending Waterman Point scarp and Glover Point scarp. Both are north-side-up. Three trenches excavated across the Waterman Point scarp in August 2001 exposed a north-dipping fault, on which Oligocene bedrock is thrust south over late Holocene soil. Radiocarbon ages from these soils indicate that faulting occurred ~1100 years ago, perhaps in the same event as rupture on the Toe Jam Hill scarp. It is interesting to note that lidar topography suggests that the Toe Jam Hill scarp does not offset an 1100-year-old uplifted wave-cut platform, while the Waterman Point and Glover Point scarps clearly offset the same 1100-year-old uplifted platform. This implies at least two closely spaced events about 1100 years ago. A north-side-up scarp is also evident in West Seattle, where it cuts the 1100-year-old platform.
Several en echelon north-side-up scarps that are collectively called the Catfish Lake scarp lie along the trace of the Tacoma fault. Existence of the Tacoma fault was previously hypothesized on the basis of large-amplitude gravity, aeromagnetic, and seismic-velocity anomalies (Brocher et al., 2001) , shallow marine seismic reflection surveys (Johnson et al., 2001a) , glaciolacustrine strandlines (Thorson, 1989) , and coastal marsh stratigraphy (Bucknam et al., 1992) . Preliminary work, including a trench excavated in October 2002, suggests that the Catfish Lake scarp formed during an earthquake on the Tacoma fault ~1100 years ago. North of the Catfish Lake scarp, en echelon segments of the southeast-sideup Sunset Beach scarp extend ~4 km along a northeast trend. The scarp is as high as 8 m. To the southwest, this feature merges with the head scarp of a large, previously undescribed landslide. Possibly the entire feature is the head scarp of an unusual, even larger landslide that rotated clockwise about a vertical axis, though this appears unlikely. Planned excavations across the scarp may resolve this uncertainty.
On northern Whidbey Island, at the south margin of the broad DarringtonDevils Mountain fault zone, we found the west-northwest-trending Rocky Point scarp. It lies along a fault strand previously defined on the basis of marine seismic reflection data (Johnson et al., 2001b) . Two trenches excavated across the Rocky Point scarp in August 2002 exposed evidence for late Holocene vertical and left-lateral offset.
At the north margin of the Olympic Mountains, scarps along the Little River fault extend over 30 km east-west (Haugerud, 2002) . At its west end, topographic features are ambiguous: a 10-20 m high southside-up scarp in bedrock suggests this is a fault-line scarp eroded along an older weakness, although surface offset within a Holocene landslide suggests young deformation. At the east end of the Little River scarp, a 1-2 m north-side-up offset of the late Pleistocene glacially fluted surface almost certainly records postglacial faulting. Farther east, the River Road scarp is a minor north-side-up warp of a latest Pleistocene or early Holocene fluvial surface.
At the southeast corner of the Olympic Mountains, lidar topography images the previously recognized (Wilson et al., 1979) southeast-side-up scarps at Price Lake, and shows that the scarps are longer and more numerous. The ~10-km-long, en echelon Frigid Creek scarps cut across Holocene alluvial fans in a zone that extends southwest from Price Lake. Beyond the extent of our lidar data, the Canyon River fault has ~2 m of Holocene offset (Walsh et al., 1999) . Scarp geometry suggests reverse and strike-slip motion on the Price Lake, Frigid Creek, and Canyon River structures.
Not all scarps are obvious on the lidar images. A postglacial scarp found by field investigations near Vasa Park east of Seattle (Sherrod et al., 2001; Sherrod, 2002) is poorly defined by the lidar topography. This scarp may be older than the otherspossibly ~10,000 years old-and hence degraded and less distinct. Human modification of the landscape has obscured a possible extension of this scarp to the west. Most importantly, dense understory vegetation at this locale prevented the laser from imaging the ground surface. At other locales, the lidar topography is ambiguous and further investigation is required. Lidar topography is, however, localizing these investigations.
The fault scarps we are discovering with lidar strongly support a tectonic model in which reverse and oblique-slip movements along multiple faults accommodate north-south shortening of the Puget Lowland (Wells et al., 1998) . Harding et al. (2002) used lidar topography to delineate and measure the elevation of the back edge-the "shoreline angle"-of an uplifted, wave-cut marine platform associated with uplift on the Seattle fault zone 1100 years ago (see Figure 1 ). Extensive north-south shorelines of Puget Sound yield a record of the spatial pattern of uplift across the zone. There is significant structure within the uplift pattern: elevations of the shoreline angle describe en echelon, east-west anticlines 2-5 km wide with limbs that dip 0.1°-0.8°. Anticlines are located above the blind, basal thrust of the Seattle fault zone, with hinges uplifted by as much as 9 m. Inflections in elevation of the shoreline angle on the south limbs suggest deformation also occurred above structurally higher blind thrusts that have been imaged in seismic reflection profiles (Johnson et al., 1999) . The Waterman Point and Glover Point backthrusts, which rupture the platform, are parallel to the anticline axes.
Uplifted Marine Platforms

GEOMORPHIC MAPPING
Geomorphic mapping can help in reading geologic history, inferring the properties of earth materials, and analyzing landscape evolution. High-resolution lidar topography is ideal for detailed geomorphic mapping, as the resolution of 1-2 m lidar DEMs appears close to that needed to capture all of the fluvial channels in the Puget Lowland landscape. Geomorphic mapping of Bainbridge Island ( Fig. 5 ; Haugerud, 2001 ) and the county in which it sits is providing an improved landslide inventory, a refined analysis of ice-marginal lake history and elevations, and an enhanced appreciation of glacial process.
Comparison with landslide inventories from conventional mapping shows that with lidar topography we are finding over twice as many deep-seated landslides (Fig.  6 )-and in some cases, we are able to see that certain features are not landslides (Table 1) . The difference reflects the inability of air-photo-based methods to see through the forest canopy, the difficulty faced by the geologist on the ground seeking to synthesize impressions of the vegetated landscape, and our ability to enhance digital topography to improve the visibility of subtle features. Our lidar topography is not detailed enough to map the small debris flows (<100 m 3 ) that comprise the majority of landslides in the Puget Lowland, but it does allow better identification of the steep slopes on which almost all such debris flows occur.
Retreating glacial ice dammed shortlived ice-marginal lakes, the largest of which extended across much of the Puget Lowland. Shorelines of such lakes are potential markers to identify young deformtion, though the late-glacial lakes were short-lived and rapid isostatic rebound caused their shorelines to move rapidly across the landscape. Limited by forest cover and the resolution of available topographic maps, Thorson (1989) was able to identify strandlines only at widely spaced large deltas formed where streams emptied into these lakes. Delta-top elevations increase northward at about 1 m/km, recording postglacial isostatic recovery of the Lowland. A kink in the delta elevation/latitude curve reflects postglacial movement in the Seattle fault zone (Thorson, 1993) . With lidar topography, we see subtle nicks in some hillsides that correspond to the main recessional water levels (e.g., dashed blue line on Fig. 5 ). The feasibility of closely defining lake levels over large areas is uncertain until more geomorphic mapping is completed, but the possibility of defining such features throughout the Puget Lowland is exciting: we could not only thus identify Holocene faults, but we could place an upper limit on possible Holocene vertical offsets.
Detailed topography informs our understanding of glacial processes in this landscape. It reinforces the distinction between sub-parallel flutes, with meter to decameter amplitudes and spacing of hundreds of meters, and much larger anastomosing troughs (e.g., Rich Passage on cover image). Booth's (1994; Booth and Hallet, 1993) conclusion that the large troughs were eroded by subglacial melt water has not convinced all observers. The clear contrast in form between flutes, which almost certainly were molded by flowing ice, and large troughs that must have been made by another process, supports Booth's conclusion. Thorson (1980) hypothesized that the ice front in the Strait of Juan de Fuca retreated earlier than that in Puget Sound, inducing a local change in flow direction. At the north end of Whidbey Island, lidar topography shows a change in ice-flow direction that was even more profound and more extensive than Thorson figured. Late during the last glaciation, ice flowed to the west-southwest and modified flutes formed during earlier southwards flow (Fig. 7) . A result of this overprinting was general smoothing that other observers have attributed to a blanket of glaciomarine drift or widespread end moraine. Note also, in Figure 7 , the flights of relict shorelines that record postglacial isostatic rebound.
CONCLUSIONS
Lidar is capable of high-resolution topographic mapping in the heavily forested terrain of the Puget Lowland, producing better results than airborne interferometric synthetic aperture radar (InSAR) (Norheim et al., 2002) and photogrammetry. We have found the consortium approach to be very successful. Lidar costs drop significantly as the surveyed area increases be- cause of reduced mobilization expenses. By cooperatively contracting to map large areas across agency boundaries, we save money and produce a more uniform product. With lidar topography, we have more than succeeded in our goal of finding fault scarps for paleoseismic studies, we are improving our landslide inventory, and we are increasing our understanding of landscape evolution.
There is more to learn about the use of lidar mapping technology. From our experience, we see the need for better calibration procedures to increase accuracy by modeling and removing systematic errors. We need improved techniques for assessing the quality of bare-earth DEMs in forested areas. High-relief areas pose logistical difficulties; we are exploring these with a second NASA grant to survey of the west Mount Rainier seismic zone that includes over 1200 m of local relief. The best post-processing results are still obtained with substantial manual intervention, which raises the cost of lidar topography and, in some areas, leaves nagging concerns about the reproducibility of the resulting bare-earth DEM. Full automation is desirable. Pulse density is the prime determinant of survey cost, yet we lack the experience and tools to estimate the optimum pulse density in different landscapes.
Much work remains to be done to turn our new information on fault scarp locations into knowledge of the frequency of large crustal earthquakes in the Puget Lowland. Our present earthquake prehistory suggests that there was an unusual cluster of activity about 1100 years ago. If this clustering is real, what does it tell us about crustal deformation, the role of ice sheet unloading, and earthquake hazards (Thorson, 1996) ? Or is the clustering only apparent, perhaps in part due to better preservation of younger scarps? We need research into scarp degradation rates in this setting. Work is also needed to use the improved landslide inventory to model landslide processes and improve prediction of future slope failures.
Beyond the specific knowledge we are gaining about seismic and landslide hazards and landscape evolution in the Puget Lowland, the lessons gained from this successful lidar mapping experiment should enable improved earth-science investigations in forested landscapes elsewhere in the world.
